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Abstract Synchrotron-radiation (SR) based Mdssbauer absorption spectroscopy of vari-
ous nuclides is reviewed. The details of the measuring system and analysis method are
described. Especially, the following two advantages of the current system are described:
the detection of internal conversion electrons and the close distance between the energy
standard scatterer and the detector. Both of these advantages yield the enhancement of
the counting rate and reduction of the measuring time. Furthermore, SR-based Mossbauer
absorption spectroscopy of “°K, 3'Eu, and 7Yb is introduced to show the wide applica-
bility of this method. In addition to these three nuclides, SR-based Mdssbauer absorption
spectroscopy of 0INi, 73Ge, 1198n, 125Te, 1271, 149Sm, and '390s has been performed. We
continue to develop the method to increase available nuclides and to increase its ease of use.
The complementary relation between the time-domain method using SR, such as nuclear
forward scattering and the energy-domain methods such as SR-based Mossbauer absorption
spectroscopy is also noted.
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1 Introduction

Maossbauer spectroscopy is a powerful and established method in various fields, from funda-
mental studies to industrial applications [1]. Most Mdssbauer studies have been performed
using ’Fe and '!Sn, although the Mdssbauer effect has been observed for 86 nuclides
of 45 elements [2]. One large difficulty in Mdssbauer spectroscopy is in the preparation of
appropriate y-ray sources. While sources for >’Fe and !'°Sn are commercially available,
the y-ray source for the other nuclides needs to be synthesized on your own by an appropri-
ate nuclear reaction. Moreover, in some cases like 4°K, there are no appropriate radioactive
isotopes (RI) for its y-ray source.

Synchrotron radiation (SR) is an alternative source for Mossbauer spectroscopy and it
enables Mossbauer experiments of various nuclides. It may also realize the experiments with
nuclides that do not have appropriate y-ray sources. Actually, many Mdssbauer experiments
of various nuclides have been performed by the nuclear forward scattering (NFS) method
[3], to observe their hyperfine structure. For example, NFS experiments of “°K [4], and

18705 [5], which were inaccessible by usual y-ray sources, were successfully conducted.

In NFS experiments, the time spectrum of NFS is observed and the hyperfine structure
of the specific nuclide is obtained from the beat pattern of the time spectrum (quantum
beat). Because the period of the quantum beat is typically greater than nanoseconds, the Si
avalanche photodiode (APD) detector is usually used owing to its fast time response and
high dynamic range. However, the detection efficiency of APD detectors for high energy X-
rays is low. For example, the efficiency of the APD detector with a 150 um depletion layer
at 50 keV is below 1.5 %. Still, the NFS was successfully performed with nuclides whose
resonant energy is high, such as 6INi [6] (Nuclear resonance energy Es =67.4 keV) and
99Ru (Eres =89.4 keV) [7], by using the multi-element APD detector and optimizing its
arrangement.

Recently, SR-based Mossbauer absorption spectroscopy has been developed as another
method for Mdssbauer experiments of various nuclides. This method is especially suitable
for nuclides whose nuclear resonance energy is high. It is originally proposed by Ruby [8]
and actually developed by Seto [9]. This method yields the familiar energy spectrum and
thus is suitable for the study of materials including two or more compounds containing the
nuclide. Moreover, similarly to the NFS method, we are able to use tiny samples and the
environmental chambers, owing to the high brilliance of SR. In addition, the requirements
on the bunch mode of SR are relaxed for SR-based Mossbauer absorption spectroscopy,
compared to the NFS method. One problem is the measuring time; in the first experiment,
it took 90 hours to obtain one spectrum [9]. However, this problem was notably alleviated
by the development of the new system which enables the detection of internal conversion
(IC) electrons [10]. This system is continuing to be improved. In this report, we describe
the details of the current measuring system and its properties, and some applications of this
method.

2 Experimental
2.1 Experimental system

The schematic drawing of the current measuring system of SR-based Mdossbauer absorp-
tion spectroscopy is shown in Fig. 1. Any bunch mode of SR except the multi-bunch mode
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is available in principle because we can take the appropriate time window in those modes,
as described later. SR from the undulator is monochromatized appropriately and then it is
transmitted through the sample. Here, we can arrange any environmental chamber and/or
any X-ray optical techniques, if only SR is transmitted the sample. For example, we can use
a high pressure cell or a gas chamber. We can also use thin film samples in combination
with the total reflection technique. Downstream of the sample, SR is scattered by an energy
standard scatterer, with the energy profile of a simple single-line. Furthermore, its reso-
nance energy is controlled by a conventional velocity transducer. In addition, it is strongly
desirable that the recoilless fraction of the scatterer is high. To select a suitable scatterer
that satisfies these conditions, it is very useful to consider the chemical species used as y-
ray sources in conventional Mdssbauer spectroscopy. Moreover, we can apply other species,
whose chemical composition is broken by the a-decay or B-decay of the parent nuclides in
conventional RI Mossbauer spectroscopy. The next component to the scatterer is the APD
detector just above the scatterer. The nuclear resonant scattering (NRS) from the scatterer
is detected by it. The NRS is separated from the enormous prompt electronic scattering by
taking an appropriate time window. At the APD, the nuclear resonance y -rays, the IC elec-
trons, and fluorescent X-rays and Auger electrons after the IC process are detected as the
NRS. The detector and the scatterer are arranged in the same vacuum chamber, to detect the
electrons. Because the IC coefficients of many Mdssbauer nuclides are higher than 1, the
detection of electrons results in substantial enhancement of the counting rate of the NRS in
SR-based Mossbauer absorption spectroscopy of these nuclides. Moreover, this system has
another advantage for the spectroscopy of all Mdssbauer nuclides. It is the close distance
between the scatterer and the detector, owing to the absence of the X-ray windows. This
closeness yields a large solid angle of the detector surface subtended at the scattering point
and thus results in efficient detection. In the current system this distance was typically 4
mm. When we assume that the scattering from the scatterer comes from a point and an 8-
element APD, where each element has the size of 3 x5 mm 2, is arranged perpendicular to
the shortest path of the scattering, the solid angle is 1.8 sr. The actual effect of these two
properties is described in Section 3.3. Using this measurement system, the dependence of
the intensity of the NRS on the velocity of the scatterer is observed. In fact, when the nuclear
resonance energy of the scatterer coincides with the resonance energy of the transmitter, the
SR after the transmitter at the energy reduces owing to the nuclear absorption by the trans-
mitter and the NRS from the scatterer also reduces; in contrast, when the nuclear resonance
energy of the scatterer does not coincides with the resonance energy of the transmitter, the
SR from the transmitter at the resonance energy of the scatterer does not reduces and the
NRS from the scatterer also does not reduce. In this way, the energy-domain Mossbauer
absorption spectrum is observed.
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2.2 Analysis

The statement on the absorption spectrum in the former section is correct only in the sim-
plest case. In the actual case, we should consider the effects of the time window and nuclear
resonant forward scattering by the transmitter. In the case of a single component, the actual
spectra I (ws) as a function of the resonance frequency of the scatterer wg will be of the
following form[9, 11-13] :

I (ws) = Ia (ws) + Ic (ws) + Is, 1)
dw exp (—iwt) 2
IA(wo—cA/ dr/ /hw_w Ty B ) Es (0, w2 @
2 T dw 2
Ic (ws) =Cc/ df/ dz /*GXP(—iwt) [Ei(w) Es (w, ws, 2) — 1]| ,  (3)
7 0 21
_ _ MetZt _ MntZt
Euw) = Eaerp (=557 ex ( ’Z“’” 2(w—wtm)+z]) @
N _/J«e s< MnsZt
Es (w, ws, 7) —EOseXP< 5 )exp( 2[2(w—ws)+z]> )

Here, I denotes the intensity of the total Mdssbauer spectrum, /4 denotes the intensity of
the process in which the scattering from the scatter is due to the nuclear resonant scattering,
Ic denotes the intensity of the process in which the scattering from the scatter is due to the
emission after the photoelectric absorption, and /g denotes the intensity of the other pro-
cess independent of wys, such as the nuclear resonant absorption with recoil at the scatterer.
In addition, Ca and Cc are constants; 71 and 7, are the starting and ending times, respec-
tively, of the time window in units of the lifetime of the nuclear excited state; z; (zs) denotes
the thickness of the transmitter (scatterer); i denotes the imaginary unit; E; (Es) denotes
the propagating coherent field amplitudes of the transmitter (scatterer); Eo; (Eos) denotes
the amplitude of the radiation field at the entrance of the transmitter (scatterer); fle¢ (Les)
denotes the electronic absorption coefficient of the transmitter (scatterer); /iy ((ns) denotes
the linear absorption coefficient of radiation by the nuclei at resonance in the transmitter
(scatterer); the index m denotes a nuclear transition in the transmitter; o, and wy, denotes
the transition probability ratio and the resonance energy for the mth transition at the trans-
mitter. In the case of multi-components, the sum over components is added in (4). These
formulae provide the simple and familiar Lorentzian function in the limit of thin samples,
when the term Ic is ignored and the time window is [0, +-00]. When the time window is
finite, the spectra are modified. Figure 2 shows an example of the measured spectra with dif-
ferent time windows [13]. As shown in this figure, there are two effects: the narrowing of the
energy width and the wavy pattern in the background. The narrowing effect is advantageous
to the case where the nuclear hyperfine structure is small and precise analysis is required.
In contrast, the wavy pattern of the background is a drawback; it may conceal small compo-
nents, in its first look. The detailed analysis using the (1) - (5) reveals the small components.
In addition, when we observe the spectra obtained at different time windows, the wavy pat-
tern changes, while the energy of the absorption by small components remains unchanged;
thus we can see small components experimentally by the comparison of the spectra with
different time window. Here, we also note when a spectrum includes only one or two com-
ponents and their hyperfine structure is simple, the analysis with a Lorentzian function still
yields the correct results for the hyperfine parameters. This is the case in Section 3.2.
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Fig. 2 SR-based Mossbauer
spectra of >'Eu in natural EuF3
used as a transmitter (40 um
thickness) and a scatterer (30 um
thickness) with time windows of
(a) from 5.7 to17.0 ns, (b) from
8.1to 17.0 ns and (c¢) from 10.5
to 17.0 ns, cited from ref. 13.
(Note the half-life of '>'Eu 1%
state is 9.6 ns.) Lines represent
the spectra calculated by (1)-(5)
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3 Applications

This system has already been applied to many applications. In fact, SR-based Mossbauer
absorption spectroscopy of 40K [14], ©INi [15], 73Ge [9], "9Sn [16], 2Te [17],
1271, 14999, 51Ey [13], 7*Yb [10], and '3°0s [18] has been performed. Here, some
applications are introduced with a focus on the conditions and the results.

3.1 YK [14]

This system is applied to the study of the magnetism of potassium nano-clusters. Although
potassium does not have the d- or f-electrons, the magnetic order induced from potassium
was reported in the potassium nano-clusters in the cage of the aluminosilicate porus crystal
of zeolite, (AlSiO4)3, by using several experiments, such as the magnetization measure-
ment, uSR, and 27TAI-NMR [19-22]. However, they are indirect methods to confirm the
potassium-induced magnetization. To confirm the existence of the potassium induced mag-
netization, *°K Méssbauer spectroscopy is more powerful method. However, there are no
appropriate parent nuclides for the y-ray source of “°K. Furthermore, the sample amount is
limited because of the synthesis method. Therefore, SR-based Mdssbauer absorption spec-
troscopy was performed to validate the magnetism by potassium. The experiments were
performed at the BLO9XU beamline of SPring-8. The SR was monochromatized to the
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bandwidth of 200 meV full width at half maximum (FWHM) around the “°K nuclear reso-
nance by using the Si (12 8 4) monochromator. The sample was the potassium nanoclusters
in the sodalite cages, where the enrichment of “°K was 4.7 %. The energy standard scat-
terer was “°KCI at 38K, where the enrichment was 4%. The KCI sample was also used as
the energy standard of the “°K Massbauer spectroscopy using the in-beam method [23].
The results are shown Fig. 3. Careful analysis including the temperature dependence of
the recoilless fraction showed the internal magnetic field at “°K. In fact, the hyperfine
magnetic field of 9.2 £3.0 T is observed at 8 K. Because the zeolite cage alone does not
show any magnetism, there should be no transferred hyperfine field. This hyperfine mag-
netic field is so strong that it cannot be the dipole contribution from the magnetic impurity,
which was another candidate for the magnetism observed by bulk measurement. There-
fore, this signifies the spontaneous polarization of s-electron spins in potassium under the
anti-ferromagnetic ordering.

3.2 B1gy [24]

This system was also applied to the study of europium hydride under high hydrogen pres-
sure using a diamond anvil cell (DAC). Thus far, the known europium hydride is EuH; with
an orthorhombic structure at low hydrogen pressure, less than 6.1 MPa [25]. This structure
is irregular in the rare-earth hydride because the structure of the other rare-earth hydrides
REH (x>2) are hexagonal-closed packed (hcp) or face-centered cubic (fcc) structure. How-
ever, a new europium hydride phase was discovered under high hydrogen pressure by X-ray
diffractions [24]. The structure above 9.7 GPa hydrogen pressure has the body-centered
tetragonal structure, which is similar to the fcc structure. To elucidate the mechanism of the
synthesis of this new hydride, SR-based Mdssbauer absorption spectroscopy was performed
at the BLO9XU beamline of SPring-8. The SR was monochromatized to the bandwidth
of 2.0 meV FWHM around the '3'Eu nuclear resonance by using a Si high resolution
monochromator. The sample was natural europium metal at room temperature in the DAC
with the hole size of the gasket of approximately 100 um. The hydrogen fluid was also
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Fig. 4 The '3'Eu SR-based Mdssbauer absorption spectrum of europium hydride, cited from ref. 20. The
left graph is normal europium hydride at 2.3 GPa hydrogen pressure and the right graph is newly discovered
hydride at 14.3 GPa hydrogen pressure. The lines are spectra estimated by using a Lorentzian funciton. For
these spectra, the Lorentzian fitting is sufficient to see the valence of Eu

packaged in the DAC as both the pressure medium and hydrogen source. The energy stan-
dard scatterer was natural EuF3 at room temperature. The EuF3 was used as the energy
standard in the '3'Eu Mossbauer spectroscopy with a y-ray source and the isomer shift rel-
ative to EuF3 was studied for many Eu compounds [23]. The results are shown in Fig. 4; the
right figure shows the spectrum of the Eu hydride at 2.3 GPa hydrogen pressure and the left
shows that of the Eu hydride at 14.3 GPa. The nuclear resonance energy clearly changed
between the normal and new hydride. In fact, the change was very simple and clear, and the
rough analysis with the Lorentzian function instead of the (1)-(5) was sufficient; the iso-
mer shift at 2.3 GPa hydrogen pressure was —10.50 mm/s, while that at 14.3 GPa hydrogen
pressure was 0.71 mm/s. This means the hydride at high hydrogen pressure showed a 3+
valence state, while the normal hydride showed a 2+ valence state. This clearly shows that
hydrogen penetration induces the valence transition of Eu hydride and implies that the new
hydride can be written as EuH, (x>2). When we consider that the other rare-earth elements
take the 3+ valence state in their hydride REH, (x>2), the hydrogenation process of Eu is
no longer the irregular in the rare-earth element.

3.3 174yb[10]

This system was also applied to the '7#Yb Mossbauer spectroscopy [10]. Although '74Yb
is the most abundant isotope (31.8%), 170y} (natural abundance of only 3 %) is the most
popular nuclides in Yb RI Mossbauer spectroscopy owing to the convenience in the prepa-
ration of its y-ray source [23]. However, the problem of the RI preparation is no concern
with SR experiments and thus !74Yb SR-based Mssbauer absorption spectroscopy was per-
formed. The actual experiments were performed at the BLO9XU and BL.11XU beamlines of
SPring-8. Appropriately monochromatized SR was transmitted through the natural YbB,
sample and then was scattered by the natural YbB; scatterer. YbB |, was used here because
10TmB, was a single-line y-ray source species in RI 170yb Mossbauer spectroscopy.
Here, two experiments were performed to compare the effect of electron detection; the first
experiment was performed by the system similar to that in the first experiments in Ref. [9],
that is, without electron detection, and the second was by the system with electron detec-
tion, as described in Section 2. The temperatures of the sample and scatterer were 13.5 K
and 20 K in the first experiment, respectively, and 20 K and 26 K in the second experiment
respectively. The obtained spectra are shown in Fig. 5; Fig. 5a is the spectrum measured in
11 hours by the system without electron detection and Fig. 5b is the spectrum measured in
10 hours by the system with electron detection. Although the measuring time is less and the
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Fig. 5 The '7*Yb SR-based Mossbauer absorption spectra of YbB,. The right graph 5b is cited from ref.
10. The left graph 5a is the spectrum by the system without electron detection and the 5Sa is the spectrum
by the system with electron detection. The blue line is the spectrum calculated by the (1)-(5). In Fig. 5a, the
absorption should be seen around the velocity zero, although a large statistical error is included

recoilless fraction should be slightly lower due to the slightly high temperature, the spec-
trum by the system with electron detection is by far clearer. Owing to the insufficient counts,
the statistical error in Fig. 5a is so large that the evaluation by (1)-(5) is unstable. In con-
trast, we can clearly evaluate Fig 5b. In fact, the counting rate of the detector was 6 counts
per second (cps) in the current system, while that had been 1.2 cps in the system without
electron detection. This clearly shows the effectiveness of the current system with electron
detection. Here, we note that the enhancement is due to both the electron detection and the
closeness of the distance between the detector and the scatterer. The distances were 5 mm
and 7 mm in the system with and without electron detection, respectively. This difference
corresponds to the 1.3 times contribution to the enhancement. However, the counting rate
with electron detection was 5 times as high as the rate without electron detection. Thus, the
contribution of the electron detection was roughly 4 times enhancement and the electron
detection is the major component in this enhancement. We also note that the spectrum in
Fig. 5b shows the width-narrowing effect arising from the time window. In fact, when the
FWHM of Fig. 5b is estimated by the Lorentzian function, it is 1.3 mm/s, while the FWHM
of the spectrum in the usual RI Mdssbauer spectroscopy is not less than 2.0 mm/s, which
is the twice of the natural line width of !7#Yb. This width narrowing effect is advantageous
for the evaluation of the 17#Yb isomer shift, because the difference between the isomer shift
of Yb2+ (YbSO,) and that of Yb3t+ (Yb2(SO4)3e8H,0) was 0.43 £0.14 mm/s [26] and the
valence of the Yb element directly concerns the property of Yb compounds, like the Kondo
effect and the RKKY interaction.

4 Discussion

As shown above, many nuclides are now available for this method. Moreover, there are
many potentially available nuclides. In fact, this method is relatively advantageous for the
nuclides with high IC coefficient and high resonance energy, such as >>Gd and '°°Er. We
are now planning to accomplish SR-based Mossbauer spectroscopy with these potentially
available nuclides.

Moreover, this system also continues to be developed for the convenience of the actual
experiment. To save the expensive liquid helium coolant, a He-gas exchange refrigerator
is now combined with this system for the cooling of the energy standard scatterer. More-
over, a new scintillation detector for high energy X-rays is tried in the SR-based Mdssbauer
absorption spectroscopy of 9'Ni, the IC coefficient of which is only 0.139 [15].
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We also note this arrangement is effective for the nuclear resonant inelastic scattering
(NIS) experiments. The arrangement of the scatterer and the detector in this system is the
same as the arrangement of the sample and the detector in NIS experiments. Both the detec-
tion of electrons and the large solid angle will improve the measuring time of the NIS
spectrum.

Now we note that the time domain method of SR, like NFS, and the energy domain
method of SR, like the SR-based Mossbauer absorption spectroscopy and synchrotron
Mossbauer source (SMS) [27-29] are in complementary relation. The optimal method
depends on the sample and objective under study. When we study the fundamental physics
or require a precise evaluation, NFS is usually favorable, because the time spectrum is sen-
sitive to the phase of the coherent scattering and we can evaluate the precise hyperfine
structure. In contrast, when we study complex materials including many components, the
energy spectrum method is often preferred because we can intuitively select the analyzing
model. Especially, we need not arrange the time window in SMS and need not consider the
resultant effect, although the SMS can be used only for °>’Fe. However, this is only the gen-
eral trend. In fact, we can obtain the exact hyperfine parameters by all these methods, in
principle. Even the isomer shift can be obtained in NFS by using a reference sample [30].
The combination of the time-domain method and the energy-domain method will further
extend the applicability of the Mdssbauer effect.

5 Summary

The details of the arrangement of the current SR-based Mossbauer absorption spectroscopy
system are described. The properties of the current system for electron detection are the fol-
lowing two: the detection of IC electron as well as the X-rays, and the efficient detection
owing to the close distance between the scatterer and the detector. The observed spectra
can be analyzed by the (1)-(5). The time window affects the following two properties of
the spectra: the width narrowing and the wavy pattern in the background. Now the SR-
based Mossbauer spectroscopy of 40K 01N, 13Ge, 1198n, 125Te, 1271, 1495m, 151y, 174YD,
and '390s has been already performed. In the case of “°K, although the sample was nano-
clusters and its amount was limited, the spectra were successfully obtained and they showed
the spontaneous polarization of s-electron spins of potassium under the anti-ferromagnetic
order. In the case of '>!Eu, although the sample was Eu hydrides in the DAC and its sample
size was small, the spectrum was successfully obtained and showed the valence transition
due to the hydrogen penetration. In the case of '7#Yb, the increase of the counting rate
by the system with electron detection is shown and the importance of the width-narrowing
effect is discussed. The continued development of this system is also described, including
the combination of the refrigerator and/or the new detector for high energy X-rays. In addi-
tion, the applicability of the arrangement of this system to NIS experiments is discussed.
The complementary relation of the time domain method and energy domain method is also
noted. The optimal method depends strongly on the sample and the objective of study.
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